Auxinic herbicides are widely used for control of broadleaf weeds in cereal crops and turfgrass. These herbicides are structurally similar to the natural plant hormone auxin, and induce several of the same physiological and biochemical responses at low concentrations. After several decades of research to understand the auxin signal transduction pathway, the receptors for auxin binding and resultant biochemical and physiological responses have recently been discovered in plants.
Auxinic herbicides such as 2,4-D, MCPA, and dicamba are widely used in agriculture to selectively control broadleaf weeds in cereal crops, while picloram is traditionally used for control of broadleaf weeds in nonagricultural areas (e.g., power line corridors or rangeland areas). 2,4-D and MCPA were the first group of selective organic herbicides developed during World War II, and their discovery led to a significant increase in 2,4-D production in North America (Kirby 1980) . Consequently, the use of 2,4-D in cereal crops revolutionized agricultural production throughout the world. The commercial success of 2,4-D subsequently resulted in the synthesis of other compounds such as dicamba, clopyralid, picloram, and quinclorac that are currently being used as selective herbicides (Sterling and Hall 1997) . Auxinic herbicides are inexpensive and do not have prolonged soil residual activity (with the exception of the pyridine carboxylic acids; Figure 1 ). These herbicides have been a preferred choice for weed control and the most extensively used herbicides worldwide for more than 60 yr, primarily because of their selectivity, efficacy, wide spectrum of weed control, and low application costs. The use of 2,4-D, dicamba, and other auxinic herbicides has increased in the United States, Canada, and other countries since their commercialization for row crops, as well as in noncrop systems (Industry Task Force II 2005) .
Auxinic herbicides are so named because at low concentrations they mimic several physiological and biochemical effects of the natural plant hormone indole-3-acetic acid (Sterling and Hall 1997) , which is generally referred to as auxin or IAA (Went 1926) . IAA plays a pivotal role in long-range signaling for systemic communication among various plant organs. Indole compounds such as indoleacetaldehyde, indole ethanol, and indoleacetonitrile, derived from the amino acid tryptophan, are the major precursors of IAA in plants (Salisbury and Ross 1992) . In addition, several compounds other than IAA are also considered endogenous or natural auxins (reviewed by Simon and Petrášek 2011) .
Auxinic herbicides are structurally similar to IAA (Figure 1 ). Based on the position of the carboxylic acid moiety and the type of aromatic group auxinic herbicides possess, these herbicides have been classified into three different classes (Ashton and Crafts 1981), viz. (1) phenoxyalkanoic acids (e.g., 2,4-D, MCPA); (2) benzoic acids (e.g., dicamba, cloramben); and (3) pyridine carboxylic acids (e.g., picloram, clopyralid, triclopyr and fluroxypyr) (Figure 1) . Recently, another group of herbicides (quinolinecarboxylic acids; e.g., quinclorac and quinmerac) with auxin-like activity has been developed (Figure 1 ), and its members are also classified as auxinic herbicides (Grossman 2000 (Grossman , 2010 . Alternatively, according to another scheme of classification proposed by Devine et al. (1993) , one group of auxinic herbicides has an ether linkage between the aromatic group and carboxylic acid moiety (e.g., all phenoxyalkanoic acids and some pyridines; i.e., fluroxypyr and triclopyr) and in the other group the carboxylic acid is directly attached to the aromatic ring (e.g., benzoic acids and some pyridines; i.e., picloram and clopyralid). The structure-activity relationships of these groups of auxinic herbicides have been described in detail in previous reviews (Coupland 1994; Sterling and Hall 1997) .
Although natural auxin-a plant hormone that influences various processes of plant growth and development (Salisbury and Ross 1992) -was discovered over 90 yr ago (Went 1926 ), the precise mechanism of action of this hormone was uncovered only recently (Dharmasiri et al. 2005; Kepinski and Leyser 2005; Tan et al. 2007) . Although the precise mode of action for auxinic herbicides remains unclear six decades after their discovery, previously published reviews describe in detail the possible receptors involved in auxinic herbicide perception, biochemical changes induced upon the auxinic herbicide application in plants, and transport of auxinic herbicides, as well as their selectivity between dicots and monocots (Coupland 1994; Kelley and Riechers 2007; Sterling and Hall 1997) . Furthermore, Coupland (1994) provided detailed information about the mechanism of resistance of auxinic herbicide-resistant weed species, specifically regarding weeds that were found to be resistant to the phenoxyalkanoic acids (e.g., 2,4-D and MCPA) prior to 1994. Since 1994, several new weed biotypes resistant to a number of auxinic herbicides (i.e., clopyralid, picloram, dicamba, quinclorac, and 2,4-D) have been discovered and extensive research has been conducted to understand the mechanism of resistance in these weed biotypes. The goal of this article is to present and summarize recent advances in the auxin signal transduction pathway and its relationship to auxinic herbicide mode of action, as well as comprehensively review the literature regarding mechanisms of resistance to auxinic herbicides since the publication of the two previous extensive reviews (Coupland 1994; Sterling and Hall 1997) . Importantly, the agronomic impact of resistance to these herbicides will also be discussed in light of new auxinicresistant crop varieties that will be commercialized in the near future.
Our understanding of auxin biology, in particular auxin perception, receptor proteins, signaling, and the regulation of auxin-responsive gene expression, has advanced tremendously during the past 5 yr. Several key points from these research areas will be summarized below, and will be discussed in the context of what is currently known regarding auxinic herbicide mode of action in sensitive dicot plants.
Auxin Perception, Signaling, Gene Expression, and Homeostasis: A Tale of ''Release from Repression.'' New discoveries regarding auxin receptors (Dharmasiri et al. 2005; Kepinski and Leyser 2005) and subsequent modeling of the interactions between natural auxin and its receptor proteins (Tan et al. 2007 ) have led the way for a comprehensive molecular understanding of the role of auxin in plant growth and development. These discoveries have been recently reviewed (Calderon-Villalobos et al. 2010; Chapman and Estelle 2009; Guilfoyle 2007; Mockaitis and Estelle 2008) and thus will not be described in detail, but instead will be briefly summarized to provide a background for further discussions of auxinic herbicide mode of action and evaluating potential resistance mechanisms in weeds.
Auxins such as IAA control many plant growth and developmental processes, and accomplish this mainly due to their effects on regulating plant gene expression (Guilfoyle 2007) . When auxin concentrations are low in plant tissues, auxin-responsive genes are not expressed due to the presence of Aux/IAA repressor proteins (Aux/IAAs) that bind to the promoters of auxin-responsive genes (Chapman and Estelle 2009) . Following de novo IAA synthesis or release of IAA from stored conjugates (Ludwig-Müller 2011), auxin concentrations increase and promote gene expression by ubiquitin-mediated degradation of transcriptional repressors (Aux/IAAs), thereby activating gene expression by a novel ''release from repression'' mechanism. Auxins (and the synthetic auxinic herbicides) accomplish this by binding directly to the bottom of the TIR1 pocket and acting as a ''molecular glue'' that stabilizes the interaction between the auxin receptor protein (TIR1 and its homologs [AFBs] ) and its substrates (Aux/IAA repressors) in an auxin-dependent manner (Guilfoyle 2007; Tan et al. 2007) , thereby leading to rapid Aux/IAA degradation. TIR1 and related receptor proteins serve as the specificity determinant of the SCF TIR1 complex, which target substrate proteins (Aux/ IAA repressors) for polyubiquitylation and subsequent degradation (Chapman and Estelle 2009; Mockaitis and Estelle 2008) . This interaction at TIR1 leading to Aux/IAA degradation by ubiquitin and subsequent gene expression via ''release from repression'' is depicted in Figure 2 . A ''promiscuous'' binding pocket on the TIR1 receptor protein tolerates binding of both natural (IAA) and synthetic (NAA or 2,4-D) auxin molecules as the ''molecular glue'' (Figure 2 ) to stabilize and strengthen the interaction between receptor protein and substrate, although IAA and 2,4-D binding occur with different affinities for TIR1 (Tan et al. 2007) .
Following the rapid increase in auxin-responsive gene expression, the auxin stimulus is attenuated and transcriptional repression (via Aux/IAA binding) once again predominates within the cell (Figure 2 ). This is accomplished by at least two mechanisms: (1) GH3-mediated conjugation of IAA with amino acids (reviewed by Kelley and Riechers 2007; Staswick et al. 2005) , or (2) Aux/IAA repressors are induced as part of the suite of primary auxin-responsive genes. As pointed out previously (Kelley and Riechers 2007) , the induction of Aux/IAAs by auxins seems contradictory because they are essentially repressing their own expression. However, it is likely a mechanism that helps ensure a transient response to increased auxin levels, in which auxin-induced gene expression is quickly attenuated once the auxin stimulus is removed via auxin degradation, inactivation via conjugation reactions ( 2009), reduced biosynthesis, or sequestration (Kelley and Riechers 2007) . Interested readers are referred to a recent comprehensive study (Petersson et al. 2009 ) for a more detailed discussion of the factors contributing to auxin homeostasis in plant root cells and tissues.
The entire pathway ranging from application of an auxinic herbicide (such as 2,4-D) to a plant, to death in sensitive dicots, tolerance in grasses, or resistance in dicots, is depicted in Figure 2 . Of particular significance to the mechanism of action of auxinic herbicides in sensitive dicots are four steps in the entire sequence of events: (1) both IAA and 2,4-D are able to bind to the ''promiscuous pocket'' of TIR1 or its homologs, leading to auxin-responsive gene expression, (2) both IAA and 2,4-D are actively transported into plant cells via a common carrier protein (see discussion below), (3) IAA is a substrate for conjugation by the GH3 family of proteins but 2,4-D is not a GH3 substrate, and (4) 2,4-D is not ring hydroxylated by cytochrome P450s or other metabolic enzymes in sensitive dicots. The fact that auxinic herbicides are substrates for proteins/enzymes in these first two steps (i.e., signaling and transport) and not substrates for enzymes in the final two steps (i.e., conjugation and detoxification) are likely responsible for their lethality in sensitive dicots (Kelley et al. 2004; Kelley and Riechers 2007) ; however, they might also contribute as potential resistance mechanisms in auxinic herbicide-resistant dicot weeds if mutations in these proteins reduce herbicide binding (steps 1 and 2) or increase binding of auxinic herbicides (steps 3 and 4) (Figure 2 ). These potential mechanisms of resistance in dicot weeds and fitness penalties that may result from these mutations will be further discussed in detail later in this review.
It should also be noted that the plasma membrane-localized auxin-binding protein 1 (ABP1) is involved in a broad range of cellular responses to auxin (such as cell expansion, cell division, and regulating ion fluxes at the plasmalemma), as well as auxin-regulated gene expression (Figure 2 ) (reviewed by Tromas et al. 2010) . ABP1 is different from TIR1 and its homologs because it is a membrane-bound receptor for auxinmediated signaling (Tromas et al. 2010) , which is in contrast to the soluble (cytosolic) auxin receptor TIR1. The different roles and functions of ABP1 in mediated responses to natural auxins or its possible relevance in auxinic herbicide mechanism of action in plants will not be discussed here in detail, but it is important to note that ABP1 has been implicated as a potential target site that confers resistance in several auxinic herbicide-resistant dicot weeds (further discussed below).
Auxinic Herbicide Physiology, Cellular Transport, and Mode of Action. One of the few published reports that directly link auxinic herbicide mode of action with the recent discovery of auxin receptors was reported by Walsh et al. (2006) . This study reported the generation and analysis of mutants impaired in auxin signaling in Arabidopsis, and discussed how these findings may affect cross resistance to different auxinic herbicide subclasses (i.e., phenoxyacetic acids vs. pyridine carboxylic acids; Figure 1 ). Importantly, it was Figure 2 . Proposed model depicting the sequence of events (transport, perception, and signaling) following treatment with IAA or auxinic herbicides, leading to both gene induction (via release from repression; i.e., degradation of Aux/IAAs) and subsequent return to ''normal'' conditions (homeostasis) in sensitive dicots, tolerant grasses, and resistant dicot weeds. Note that tolerant grasses and resistant dicot weeds may have different mechanisms for dealing with the unregulated auxin response, or in some cases may avoid it entirely. Please refer to Grossman (2010) for a more detailed explanation of the cascade of processes leading to plant death in sensitive dicots. Abbreviations and terms used in the Figure: ABP1, auxin-binding protein 1; Aux/IAAs, auxin/indole-3-acetic acid transcriptional repressors of auxin-regulated gene expression, but are induced by high auxin concentrations as a feedback mechanism; ARFs, pre-existing, DNA-binding auxin-response proteins that activate gene transcription in response to high auxin concentrations; AFBs, auxin signaling F-box protein (homologous to TIR1, see below); GH3 protein, enzyme that reversibly conjugates IAA with amino acids to form an inactive conjugate; SCF, a complex consisting of Skp1-cullin-F-box proteins; SCF TIR1 , SCF-ubiquitin ligase E3 complex containing the TIR1 protein, which is part of the ubiquitin-26S proteasome-mediated pathway for protein degradation and turnover; TIR1, transport inhibitor response1 protein (homologous to AFBs), which is the specificity determinant of the SCF TIR1 complex that targets substrate proteins (Aux/IAA repressors) for polyubiquitylation and subsequent degradation. discovered in their mutant screen that several alleles at two distinct genetic loci confer resistance to picloram but not to 2,4-D or IAA. One picloram-specific resistance locus encoded auxin-signaling F-box protein 5 (AFB5), which is one of the five homologs of TIR1 in the Arabidopsis genome (Tan et al. 2007; Walsh et al. 2006 ). An additional mutant of interest (axr1-3) was identified that conferred very high levels of cross resistance to picloram, 2,4-D, and an experimental auxinic herbicide compound (Walsh et al. 2006) , indicating that the different auxin receptors in plants may be specific or general and mutations may confer different patterns of cross resistance to the various subclasses of auxinic herbicides (Figure 1 ). These authors speculated that the functional redundancy in auxin receptors (i.e., TIR1 and AFBs 1-5) may contribute to the relatively low abundance of auxinic herbicide-resistant weeds (i.e., multiple sites of action for auxinic herbicides in plant genomes), as well as potential for fitness penalties that may occur due to mutations in the auxin signaling pathway (this aspect is further discussed below). It is also important to note that the role of ABP1 as an auxin receptor is not as clearly defined as the TIR1/AFBs regarding natural or synthetic auxins (as noted above), but that ABPs may also play a role in weed resistance to auxinic herbicides.
In addition to auxin receptors that initiate auxin-mediated signaling, another similarity between natural and synthetic auxins is that 2,4-D is taken up by a carrier-mediated, active transport mechanism in plant cells (Figure 2 ) (Sterling 1994) , which is presumably the same carrier that transports IAA (Rubery 1977) . This transport protein could present a novel mechanism for auxinic herbicide resistance (i.e., altered cellular transport or exclusion) in weeds, similar to glyphosate resistance in horseweed [Conyza canadensis (L.) Cronq] via increased vacuolar transport and sequestration (Ge et al. 2010 ). Active, carrier-mediated transport of herbicides into cells is not common; most herbicides enter cells via passive diffusion, or for weak acids by an ion trapping mechanism (Sterling 1994) . Glyphosate (via a phosphate carrier), paraquat (via polyamine carriers), and 2,4-D (via IAA influx/ efflux carriers) are notable exceptions among herbicides (Sterling 1994 ). As noted above, it could be possible that a mutation preventing 2,4-D or other auxinic herbicides from being recognized by the IAA carrier protein, yet maintaining IAA as a substrate, could lead to weed resistance by excluding the herbicide from entering the cell or preventing its longdistance transport within the plant (Figure 2) .
Recent findings by Grossman and colleagues (Grossman 2000 (Grossman , 2010 Grossman and Hansen 2001; Grossman et al. 1996) indicate the sensitive dicots do not only ''grow themselves to death'' due to the unregulated auxin response (Figure 2 ), but that lethality and necrosis in sensitive plants is actually due to the hyperaccumulation of ethylene, ABA, and reactive oxygen species (ROS) in addition to unregulated auxin activity in herbicide-treated plants ( Romero-Puertas et al. 2004) . The detailed time course of events in relation to hyperaccumulation of these hormones or defense compounds, the enzymes involved in their syntheses, and their combined effects on lethality, senescence, and necrosis in sensitive dicots have been thoroughly discussed in a recent review (Grossman 2010) . It should also be noted that accumulation of cyanide in response to the auxinic herbicide quinclorac in sensitive grasses as part of its mode of action has been described in detail by Grossman (2010) .
Review of Auxinic Herbicide Resistance in Weeds
History and Evolution of Resistance. Generally, the occurrence of resistant plants increases slowly in the presence of continued herbicide application (Devine and Shukla 2000) . Thus, herbicide selection pressure is considered as one of the primary causes for the evolution of herbicide-resistant biotypes. Prolonged use of herbicides (and resulting selection pressure) has resulted in the development of resistance to several classes of herbicides, including auxinics. However, the incidence of auxinic herbicide resistance is relatively low, as it has been reported in only 29 weed species (Heap 2011; Table 1 ). Since the discovery of the first auxinic herbicideresistant wild carrot (Daucus carota L.) biotype in Canada, there has been a steady but slow increase in the number of auxinic herbicide-resistant weeds worldwide (Table 1) . Based on the data presented in Table 1 , it is important to note the large increase in the number of auxinic herbicide-resistant weeds discovered after the 1980s, with the highest incidence of cases (11) Despite the frequent and repeated usage of auxinic herbicides in the lawncare and turfgrass industries for POST broadleaf weed control, there are few reports of auxinic herbicide-resistant weed biotypes that have been selected for under these conditions that appear to be ideal for evolution of resistance. The peculiar lack of weed resistance in these situations may be attributed to several factors, such as (1) usually two or more auxinic herbicides are tank mixed, and rarely is an auxinic herbicide from only one subfamily applied, (2) use of high seeding rates and the stoloniferous/ rhizomatous growth habit of turf results in a dense sward of grass, which suppresses weed seed emergence and also reduces weed competition, (3) regular fertilization regimes and mowing contribute to reduced weed competition, (4) higher spray volumes are used to obtain optimal coverage in turfgrass and high doses of herbicides are frequently used, and (5) hand weeding or other nonchemical methods are used to eliminate hard-to-control weeds. These factors, combined with prudent management practices, may have resulted in reduced incidences of weed resistance to auxinic herbicides in turf. However, unlike in field crops, there is little or no monitoring for weed resistance in turfgrass. The occurrence of resistance in turfgrass settings may thus be greatly underestimated, or it may simply be due to a lack of concerted efforts to investigate cases of poor weed control since the economic cost to homeowners is minimal compared with the impact of crop losses on a farmer's livelihood.
Genetics and Inheritance of Weed Resistance. The rarity in occurrence of auxinic herbicide resistance compared with other herbicide classes (such as acetolactate synthase [ALS] inhibitors or s-triazines; Heap 2011) has been attributed to proposed multiple sites of action of these compounds (Gressel and Segel 1982; Morrison and Devine 1994) . However, this hypothesis has not been tested directly. To understand the evolution of resistance to auxinic herbicides it is important to investigate the nature of inheritance of the resistance trait. Compared with crop plants, where inheritance of economically important traits has been investigated in a large number of species, there are relatively few studies describing the inheritance of herbicide resistance in weed species. This is not due to our lack of understanding of plant genetics, but rather due to the paucity of information available to assist in the genetic analysis of herbicide resistance (Darmency 1994) . Nonetheless, it has been demonstrated that inheritance of herbicide resistance to the majority of herbicide families (including auxinic herbicides) is controlled by a single gene, or in fewer cases, by two major genes (Preston and MallorySmith 2001) .
Studies on inheritance of auxinic herbicide resistance in weed species demonstrate that dicamba, 2,4-D, and picloram resistance in wild mustard (Sinapis arvensis L.) is conferred by a single, dominant gene (Jasieniuk et al. 1995; Jugulam et al. 2005) . In addition, dicamba resistance in kochia (Kochia scoparia L.; biotypes from Henry, Nebraska) is determined by a single allele with a high degree of dominance (Preston et al. 2009 ). Conversely, a single recessive gene controls clopyralid and picloram resistance in yellow starthistle (Centaurea solstitialis L.) (Sabba et al. 2003) and quinclorac resistance in false cleavers (Galium spurium L.) (Van Eerd et al. 2004) . It has been reported that two additive genes control MCPA resistance in common hempnettle (Galeopsis tetrahit L.) (Weinberg et al. 2006) .
If a resistance trait is determined by a single or few major genes, the rate at which the trait can spread within a population is much higher compared with a polygenic trait. Since the chance of simultaneous occurrences of several mutations leading to resistance in a single plant is a product of its individual probabilities, the possibility of a polygenic trait occurring is much lower than for a qualitative trait (Jasieniuk et al. 1996) . Furthermore, inheritance of polygenic traits depends on outcrossing for accumulation of several genes with minor effects, which in turn reduces the evolution of herbicide resistance. Accordingly, Gressel and Segel (1982) suggested that the low incidence of auxinic herbicide resistance may be due to the requirement of mutations at several loci in order to impart resistance, hence the postulation of multiple modes of action of auxinic herbicides in dicot weeds (Gressel and Segel 1982) . It appears that this may not be the case because, as described above, many auxinic herbicide-resistance traits are conferred by a single gene. Despite the long history of auxinic herbicide use, the relatively low incidence of resistant biotypes and their inability to evolve and propagate in agronomic crops may be due to the rare occurrence of resistant individuals (and resistance alleles) in natural weed populations, or that mutations conferring resistance are lethal (Jasieniuk et al. 1995) . It is also possible that the relatively low selection pressure or short-lived residual activity (except for the pyridines; Figure 1 ) in the soil may contribute to the low occurrence of auxinic herbicide-resistant weeds.
Fitness Costs Associated with Weed Resistance. According to the theory of natural selection, herbicide-resistant plants are already present in the population before the use of the herbicide; thus, herbicides do not directly cause genetic mutations imparting resistance. Natural mutations resulting in herbicide resistance in populations may be associated with a fitness cost, either due to pleiotropic effects of the resistance gene itself or due to linkage of the resistance gene with one or more other loci that impose the fitness cost. Information about fitness costs associated with auxinic herbicide resistance has been documented in only a few weed species. Bourdot et al. (1996) reported that when grown together, MCPAresistant giant buttercup (Ranunculus acris L.) plants are less competitive and ecologically less fit than sensitive plants in the absence of herbicide application. However, competitiveness varied under different plant densities. Both resistant and sensitive plants yielded similarly at low densities, whereas 1950-1979 1980-1989 1990-1999 2000-2010 sensitive plants yielded more at higher plant densities. Similarly, analyses of morphological traits (plant height, leaf area, and root system; Hall and Romano 1995) and seed yield (Debreuil et al. 1996) between auxinic herbicide-resistant and -sensitive wild mustard plants indicate that resistant plants are less fit in the absence of herbicide application. Fitness penalties associated with auxinic herbicide resistance (Bourdot et al. 1996; Debreuil et al. 1996; Hall and Romano 1995) may be a major reason for the limited occurrence of auxinicherbicide resistant weeds (Walsh et al. 2006) .
When herbicide resistant and sensitive plants arise from different populations, they may exhibit genetic variability at various loci related to plant fitness (Jasieniuk et al. 1996) . In order to attribute fitness costs unequivocally, it is important to conduct fitness studies using herbicide resistant and sensitive plants with similar genetic backgrounds differing only for the alleles imparting herbicide resistance (Vila-Aiub et al. 2009), such as in near-isogenic lines (NILs) (Jasieniuk et al. 1996) . Thus far, fitness studies using NILs of weed species have only been performed with triazine-resistant and -sensitive lines (Beversdorf et al. 1988; Gressel and Ben-Sinai 1989; Jacob et al. 1988; McCloskey and Holt 1991) . These studies clearly showed that the most common mutation in the D1 protein resulting in triazine resistance (serine 264 to glycine) is associated with impaired photosynthetic electron transport and reduced plant fitness. Experiments are in progress (J. C. Hall, unpublished data) to assess fitness costs associated with auxinic herbicide resistance in wild mustard using NILs.
Mechanisms of Weed Resistance to Auxinic Herbicides.
Although 29 auxinic herbicide-resistant weeds have been discovered to date (Heap 2011 ; Table 1), the characterization of mechanisms of resistance has been investigated in only some of these weeds. Coupland (1994) reviewed the differences between auxinic herbicide-resistant and -sensitive biotypes of several weed species in terms of their morphological differences, as well as their levels of resistance. However, since 1994 a number of auxinic herbicide-resistant weeds with unknown mechanisms of resistance have been investigated to identify differences in herbicide uptake, translocation, metabolism, or potential target site alterations. Recently, 2,4-D-resistant prickly lettuce (Lactuca serriola L.) biotypes were determined to be 25-fold resistant compared with sensitive biotypes in a dose-response experiment (Burke et al. 2009; Singh 2009 ). However, the mechanism of 2,4-D resistance in this biotype has not been reported.
Wild Mustard. Among the auxinic herbicide-resistant weeds identified to date, the mechanism of auxinic herbicide resistance in wild mustard has been most extensively characterized and comprehensively reviewed (Hall et al. 1996; Zheng and Hall 2001) . Based on dose-response experiments conducted in growth chambers, the resistant biotypes of wild mustard are 10-, 18-, and 104-fold resistant to MCPA, 2,4-D, and dicamba, respectively, relative to sensitive biotypes (Heap and Morrison 1992) . Resistance to auxinic herbicides in wild mustard is not due to altered uptake, translocation, or metabolism (Peniuk et al. 1993) . However, when treated with picloram, the sensitive biotypes produced more ethylene than resistant biotypes Peniuk et al. 1993 ). This was attributed to differences at the primary site of action resulting in reduced expression of ACC synthase (a key enzyme in the ethylene biosynthetic pathway; Grossman 2000 Grossman , 2010 , concomitant with auxinic herbicide treatment in the resistant biotype Wei et al. 2000) . Subsequently, a number of experiments were conducted to investigate the role of ABP1 in auxinic herbicide resistance in wild mustard. ABP1 in the sensitive biotype possessed both low and high affinitybinding sites, whereas ABP1 in the resistant biotype had only a low affinity-binding site (Webb and Hall 1995) . Furthermore, upon treatment with picloram, ABP1 antisense (tobacco) and overexpressing (Arabidopsis) lines displayed several physiological responses that are analogous to auxinic herbicide-resistant and sensitive wild mustard biotypes, respectively (Mithila and Hall 2005) . However, these studies do not conclusively provide evidence that auxinic herbicide resistance in wild mustard is due to an altered ABP1 homolog.
Recently, in an effort to conclusively identify the auxinic herbicide resistance gene in wild mustard, molecular and morphological markers linked to this trait were identified. A morphological marker for leaf shape linked to the auxinic herbicide resistance gene was identified, and several molecular markers linked to the auxinic herbicide resistance locus were identified by amplified fragment length polymorphism analysis (Mithila et al., unpublished data) . Consequently, a genetic map of this locus was constructed that may assist in future cloning and identification of the auxinic resistance gene in wild mustard (Mithila et al., unpublished 
data).
Kochia. The physiological, biochemical, and molecular basis for dicamba resistance in kochia (biotypes from Montana) has been studied extensively (Cranston et al. 2001; Dyer et al. 2002; Kern et al. 2005) . It was initially reported that resistance to dicamba was not due to altered rates of herbicide uptake, translocation, or metabolism in kochia (Cranston et al. 2001) . It was also suggested that a mutation in the auxin receptor(s) may affect endogenous auxin binding and alter auxin-mediated responses, such as gravitropism and root growth inhibition (Dyer et al. 2002; Goss and Dyer 2003) . Furthermore, differential gene expression patterns indicate that several transcripts were up-or down-regulated by dicamba treatment (Kern et al. 2005) . In addition to induction of ACC synthase transcripts (involved in ethylene synthesis; Grossman 2000 Grossman , 2010 , up-regulation of a putative chloride channel protein and an unknown gene were detected. Whether or not these genes/proteins are directly involved in conferring the resistant phenotype in kochia or are expressed as a secondary consequence of the mode of action of dicamba remains to be determined, but these results provide a useful starting point for further metabolomic or proteomic (Zhang and Riechers 2008) 
studies in kochia.
False Cleavers. Investigation of the physiological and biochemical basis of quinclorac-resistant in false cleavers suggests that the mechanism of quinclorac resistance is not due to a difference in absorption, translocation, root exudation, or metabolism (Van Eerd et al. 2005) . A significant increase in both ethylene and ABA levels was observed upon quinclorac application in sensitive biotypes but not in resistant biotypes. These authors suggested that a potential alteration in auxin signal transduction pathway might impart resistance to quinclorac in resistant biotypes. Quinclorac also controls some grass weeds and cases of resistance to this herbicide in barnyardgrass and crabgrass have been observed (Abdullah et al. 2006; Lovelace et al. 2007) . A recent review by Grossman (2010) discusses the role of cyanide accumulation in response to quinclorac treatment in great detail.
Yellow Starthistle. Clopyralid-and picloram-resistant yellow starthistle biotypes were discovered in the United States in 1988 (Table 1 ). The mechanism of selective resistance to pyridine herbicides is not due to differential uptake, translocation, or metabolism (Fuerst et al. 1996; Valenzuela et al. 2001 ) and currently remains unknown. Upon application of clopyralid or picloram, sensitive biotypes produced more ethylene than resistant types, although this response was not attributed as the major causal factor in conferring resistance in yellow starthistle (Sabba et al. 1998; Valenzuela et al. 2002) and may instead be a secondary consequence of senescence and lethality in sensitive biotypes (Grossman 2000 (Grossman , 2010 . It has been postulated that the recessive mutation conferring pyridine-specific resistance in these yellow starthistle biotypes (Sabba et al. 2003) may be due to an altered auxin receptor (AFB), similar to that identified in picloram-resistant Arabidopsis mutants (Walsh et al. 2006 ).
Wild Radish. Wild radish populations resistant to 2,4-D and MCPA (but not to dicamba) were recently discovered in a crop rotation of lupin (Lupinus angustifolius L.) and wheat (Triticum aestivum L.) in the northern region of Western Australia (Walsh et al. 2004 ). Alternating herbicide treatments, including glyphosate, sulfonylureas, and 2,4-D amine (in wheat) and s-triazines/diflufenican (in lupin), were applied to these fields for more than 17 yr. A minimum of two selective herbicides were applied to these fields per year during this period. These wild radish populations exhibit multiple resistances to herbicides with at least four modes of action (Walsh et al. 2004) , including (1) a phenoxy-, phytoene desaturase-, and triazine-resistant biotype, and (2) a phenoxy-, phytoene desaturase-, and ALS-resistant biotype.
These phenoxy-resistant wild radish populations (Walsh et al. 2004) were used in an experiment to study the growth and reproductive ability of these biotypes, with or without 2,4-D amine treatment, when growing in competition with wheat (Walsh et al. 2009 ). Higher densities of wheat combined with 2,4-D amine treatment resulted in satisfactory weed control, lower plant biomass, and reduced seed output in some of the phenoxy-resistant wild radish populations from Australia. However, the authors cautioned that although resistance levels in these wild radish populations are relatively low (e.g., about 2.5-fold resistant to 2,4-D amine; Walsh et al. 2004 ) and resistant plants are adversely affected by treatment with a recommended field-use rate of 2,4-D, continuous longterm use of phenoxy herbicides may increase the frequency of phenoxy-resistant wild radish populations in Australian wheat fields or increase the magnitude of phenoxy resistance in individual biotypes (Walsh et al. 2009 ).
Hempnettle. MCPA-resistant and sensitive common hempnettle biotypes evolved in a field in Alberta, Canada following repeated applications of MCPA in herbicide mixtures (Table 1 ). The physiological basis of MCPA resistance in common hempnettle has been investigated (Weinberg et al. 2006 ). MCPA resistance is not due to differences in herbicide absorption, but was attributed to a lower amount of translocation and a higher rate of metabolism in roots (Weinberg et al. 2006 ). 
Influence of Herbicides and Herbicide-Resistant Crops on Weed Populations
Impacts of 2,4-D, Triazines, ALS Inhibitors, and Glyphosate on Weed Populations. Reliance on a single herbicide has resulted in weed shifts since the introduction of selective herbicides in the 1940s. Harper (1956) was the first to seriously consider population changes imposed by herbicides. 2,4-D was very effective in control of broadleaf weeds, especially in monocot crops, but because of this specificity, the use of 2,4-D alone was not sufficient for protecting yields in crops that were infested with both grass and broadleaf weeds. In 1948, just 1 yr after commercialization of 2,4-D, Lee (1948) (Table 2 ). Repeated use of 2,4-D in Hawaiian sugarcane production raised questions about the evolution of herbicide resistance in weeds in the late 1950s. Hanson (1962) reported biotypic differences in 2,4-D sensitivity in spreading dayflower (Commelina diffusa Burm. f.) following use of 2,4-D in Hawaii sugarcane production. Ultimately, that population was not considered ''2,4-D-resistant,'' but selectivity for shifting weed populations to herbicide-resistant individuals was clearly demonstrated. The introduction of the triazine herbicides in the 1950s led to the rapid evolution of triazine-resistant weeds and a shift in weed populations to redroot pigweed (Amaranthus retroflexus L.) and fall panicum (Panicum dichotomiflorum Michx.), which germinate relatively late in the growing season (Triplett and Lytle 1972) . Today there are 69 weed biotypes resistant to triazine herbicides (Heap 2011) . Another major advancement in herbicide discovery was the commercialization of the ALS inhibitor herbicides in the 1980s. These herbicides were adopted rapidly in wheat, corn, and soybean. However, ALSresistant weed biotypes and populations developed rapidly and currently there are over 100 ALS-resistant weed species worldwide (Heap 2011) . Weed species that are difficult to control with glyphosate have become more common, and the evolution of glyphosate-resistant (GR) weeds, currently 10 species in the United States and 21 worldwide, continues to increase (Heap 2011; Owen and Zelaya 2005; Powles and Preston 2006) .
In spite of these shifts in weed populations, 2,4-D was used on 21 to 33% of U.S. wheat, corn, cotton, and soybean hectares in 2004, atrazine was used on 64% of U.S. corn hectares in 2005, ALS inhibitors were used on 35% of U.S. soybean hectares in 2006, and glyphosate continues to be used on the vast majority of corn, soybean, and cotton hectares in the United States (United States Department of AgricultureNational Agricultural Statistics Service 2008). In summary, species shifts and development of resistant weed populations have not rendered these herbicides obsolete; however, there is increasing concern of weed shifts and resistance evolution in GR crops. It is therefore important to review the literature pertaining to how previous weed management and recent agronomic practices have impacted weeds and their composition in natural populations. This information can be used to gain a greater understanding of how weed population dynamics may change when 2,4-D and dicamba-resistant crops are introduced within the next 5 to 10 yr.
Impact of Glyphosate-Resistant Crops. GR crops, first released in 1996, have been the most rapidly adopted agriculture technology by farmers in the United States. When GR crops were introduced, it was postulated that resistance due to an altered, insensitive target site enzyme for glyphosate was highly unlikely because of the extremely complex manipulations that were required to develop GR crops (Bradshaw et al. 1997) . Other scientists suggested that use of glyphosate would inevitably cause shifts in weed species under continual selection pressure from the herbicide (Duke 1996; Shaner 2000) . As noted below, several cases of weed shifts have been documented since the introduction of GR soybean, cotton, and corn in the 1990s, likely due to the intense selection pressure from relying on glyphosate and the concomitant reduction in the amount of tillage used in agronomic crops (Culpepper 2006) . Firbank et al. (2006) documented that fields of GR corn had higher weed seedbank densities in the first 2 yr of GR use compared with a conventional herbicide system. Jeschke and Stoltenberg (2006) found that 8 yr of continuous glyphosate used alone in a corn-soybean rotation resulted in greater weed species richness compared to more diverse management systems that included tillage or nonglyphosate herbicides. For example, weed species composition during these 8 yr included common lambsquarters, pigweed (Amaranthus) species, and giant foxtail (Setaria faberi Herrm.), which predominated across most treatments. However, treatments consisting of only one POST application of glyphosate were dominated by giant ragweed (Ambrosia trifida L.), shattercane, and large crabgrass. Field survey research in Indiana has shown that GR horseweed, giant ragweed, and tolerant common lambsquarters populations were among the most prevalent among late-season weed escapes in Indiana soybean fields in (Davis et al. 2008 . Hilgenfeld et al. (2004) conducted a 2-yr, multi-site study on weed species shifts in GR soybean systems. This study showed that continuous use of glyphosate for weed management altered the presence of weed species found within a given field. This was due to the inconsistent control of all the species and allowing some species such as ivyleaf morningglory [Ipomoea hederacea (L.) Jacq.] and shattercane [Sorghum bicolor (L.) Moench] to disproportionately replenish the seedbank. Wilson et al. (2007) found that during a 5-yr period in glyphosate-based cropping systems in the western U.S. Corn Belt, weed populations shifted from kochia (K. scoparia L. Schrad.) and wild-proso millet (Panicum miliaceum L.)-dominated populations to a predominately narrowleaf lambsquarters (Chenopodium desiccatum A. Nels.) population. In summary, increased glyphosate use since 1996 has shifted populations to competitive and difficult-to-control weeds such as giant ragweed, horseweed, common and narrowleaf lambsquarters, morningglory, and shattercane (Davis et al. 2008; Hilgenfeld et al. 2004; Jeschke and Stoltenberg 2006; Wilson et al. 2007 ).
It has also been of great interest to track the weeds that weed scientists were conducting research on during the course of time in the Midwest. From 1948 until the early 1980s, perennial weeds were the predominant weed species under investigation in the U.S. Corn Belt (Table 2) . By 1997, perennial weeds were not among the top five most commonly cited weeds in North Central Weed Science Society (NCWSS) Annual Meeting Proceedings. By 2007, the top five most commonly cited weeds in these Proceedings had either evolved resistance to glyphosate, contained an herbicide-resistance gene (i.e., volunteer GR corn), or are naturally tolerant to glyphosate (Table 2 ). Prior to GR crop introduction there were no reports of weeds resistant to glyphosate (Gustafson 2008) ; however, since the introduction of GR soybean in 1996, glyphosate resistance has been well documented (Heap 2011) . The evolution of GR weeds has been closely associated with the frequency of glyphosate use for selective weed management in agronomic crops (Figure 3 ). In addition, results from grower surveys (Childs et al. 1997; Kruger et al. 2008; Nice and Johnson 2005) indicate broadleaf weeds that are either resistant or difficult to control with glyphosate have become more problematic than monocot species since the introduction of GR cropping systems (Table 3) .
Evolution and Impact of Glyphosate Resistance in Weeds.
Several cases of weeds that vary in their sensitivity to glyphosate have been reported since it was first introduced in the 1970s. For example, DeGennaro and Weller (1984) identified field bindweed (Convolvulus arvensis L.) biotypes that varied up to 70% in visual injury, root and shoot dry weight, and shoot regrowth when exposed to a 2.2 kg ha 21 application of glyphosate. Furthermore, as much as a 40% increase in tolerance to glyphosate was observed as the plants matured.
Horseweed was the third GR weed identified worldwide, but was the first GR weed documented to have evolved in a GR cropping system in Delaware (VanGessel 2001) . Since this initial report, GR horseweed has been reported in at least 15 other states from Delaware to California and from Michigan to Mississippi (Heap 2011) . GR horseweed has been reported in other countries including Brazil, China, Spain, and the Czech Republic (Heap 2011 ). An Indiana survey conducted from 2003 to 2005 (Davis et al. 2008) showed the frequency of GR horseweed was as high as 38% in all Indiana soybean fields in the southeast region of the state and infested over 100,000 hectares surveyed statewide. As evidenced by this high frequency in some geographies, GR horseweed may be a compounding problem for large geographies because in-field and seedbank demographics were shown to increase in systems that rely on glyphosate (Davis et al. 2007 ) and seeds are easily transported long distances by wind (Dauer et al. 2006) .
Other GR weeds that evolved in the United States in GR crops include common ragweed (Ambrosia artemisiifolia L.), giant ragweed, common waterhemp, and Palmer amaranth (Amaranthus palmeri S. Wats.) (Heap 2011) . GR Ambrosia species are a serious concern because they create greater weed control challenges, are competitive with crops, and cause large crop yield losses. For example, Johnson et al. (2007) observed up to 19% corn yield loss at giant ragweed densities of 0.5 plants m 22 under season-long interference. Furthermore, Harrison et al. (2001) observed that corn yield loss could be predicted up to 90% for densities of 1.4 plants m 22 , and Baysinger and Sims (1991) observed nearly complete soybean yield loss from season-long competition of 22 and 36 giant ragweed plants m
22
. GR common waterhemp biotypes have also evolved in GR soybean fields in seven states (Heap 2011) . Furthermore, the Missouri GR population is also resistant to ALS-and protoporphyrinogen oxidase (PPO)-inhibiting herbicides (Legleiter and Bradley 2008) , and the Illinois population of GR common waterhemp is also multiple resistant with ALSinhibiting herbicides (Patzoldt et al. 2005 ) (Heap 2011) . In the southern and southeastern United States, GR Palmer amaranth is a competitive weed in GR cotton (Culpepper and York 2008) . Much like giant ragweed in corn and soybean production, Palmer amaranth is highly competitive with cotton and soybean, causing potential crop yield losses up to 100% . GR Palmer amaranth and common waterhemp are additionally problematic, especially in geographies these species share, because they have a high potential for introgression of resistance traits due to their dioecious biology and reproduction (Steckel 2007; Trucco et al. 2007; Wetzel et al. 1999) . Glyphosate resistance in Amaranthus species will be detrimental to crop yields and profitability if alternative approaches or herbicides, such as the auxinic herbicides, are not adopted by producers to slow the selection for GR weed populations.
Herbicide Rotations and Tank Mixes in Auxinic Herbicide-Resistant Crops. Rotations and mixtures of herbicides that have discrete sites of action and are degraded by a common metabolic pathway have been proposed as means for preventing or delaying resistance evolution in weed populations (Beckie and Reboud 2009; Gressel and Segel 1990; Powles et al. 1997; Wrubel and Gressel 1994) . Powles et al. (1997) modeled herbicide resistance evolution in a weed population of infinite size when two herbicides were rotated annually or used each year as a mixture. In the absence of fitness penalties, herbicide rotation did not increase the number of applications before resistance was detected for either herbicide. When the herbicides were used in tank mixtures, resistance was delayed by approximately 4 yr. These results were supported by Diggle et al. (2003) , who modeled development of herbicide-resistant weed populations and found that the probability of developing resistance to one or both herbicides in a tank mix decreases as the size of the area/ initial population decreases. With specific parameters of treatment areas of 100 ha 2 or less, an initial weed seedbank of 100 seeds m 2 and initial frequencies of the resistance genes of 10 6 , development of resistance to both herbicides is not likely within 50 yr for all types of weeds if both herbicides are used every year in tank mixtures. If herbicides are used in alternate years (i.e., in rotation) then multiple resistance almost always occurs in 100 ha 2 areas, but is uncommon in areas of 1 ha 2 or less. Their results also suggest that adoption of practices to limit the movement of weed propagules, in conjunction with using herbicides in combination rather than in rotation, can substantially delay the evolution of herbicide resistance in weeds.
Currently, annual broadleaf weeds in genera such as Ambrosia, Amaranthus, Chenopodium, Ipomoea, and Conyza have become difficult to control for many crop producers in GR cropping systems. It is interesting to note that biotypes from three weed species (kochia, Russian thistle, and common lambsquarters) in the Chenopodiaceae have evolved resistance to dicamba (Heap 2011; Table 1) , and one cultivated crop species (sugar beet; Beta vulgaris L.) in this family is naturally tolerant to the pyridine class of auxinic herbicides (Figure 1 ), suggesting that weeds in this family may have a higher risk for development of resistance to the auxinic herbicides. New technology on the horizon, such as 2,4-D and dicamba-resistant crops, will provide control options for some GR broadleaf weeds and other weeds that are difficult to control with glyphosate. 2,4-D controls giant ragweed and common waterhemp, but has displayed variable control of horseweed (W. G. Johnson, unpublished data) . In a recent regional study , the use of dicamba POST in dicamba-resistant soybeans improved the uniformity of control for velvetleaf, smooth pigweed, morningglory, and glyphosate-sensitive waterhemp. Additionally, combining 0.28 kg dicamba ha 21 with glyphosate resulted in 30 to 65% greater control of GR Palmer amaranth, GR common waterhemp, GR horseweed, and GR giant ragweed compared with sequentially applied glyphosate applications. In the future, it could be predicted that grasses may become more problematic since auxinic herbicides (as well as glufosinate) have weak activity on grasses and auxinic herbicides occasionally antagonize POST grass control. Additionally, increased use of auxinic herbicides in combination with glyphosate in herbicide-resistant crop varieties should offer effective, short-term solutions for control of glyphosate-, ALS-, triazine-, PPO-, or 4-hydroxyphenyl-pyruvate dioxygenase-resistant dicot weeds.
